in a very urban area of Belgrade and concentrations of Al, V, Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb were analyzed by atomic absorption spectrometry. The analysis of seasonal variations of PM 10 mass and some element concentrations reported relatively higher concentrations in winter, which underlined the importance of local emission sources. The Unmix model was used for source apportionment purpose and the four main source profiles (fossil fuel combustion, traffic exhaust/regional transport from industrial centers, traffic related particles/site specific sources and mineral/ /crustal matter) were identified. Among the resolved factors, fossil fuel combustion was the highest contributor (34%) followed by traffic/regional industry (26%). Conditional probability function (CPF) results identified possible directions of local sources. The potential source contribution function (PSCF) and concentration weighted trajectory (CWT) receptor models were used to identify spatial source distribution and contribution of regional-scale transported aerosols.
Atmospheric aerosols have a confirmed role in climate change and radiative budget, impact on human health, effects on ecosystems and local visibility [1, 2] . Previous epidemiological studies indicated statistical associations between mortality and ambient concentrations of particulate matter (PM), particularly fine particles that can more efficiently penetrate into the lungs and are therefore more likely to increase the incidence of respiratory and cardiovascular disease [3] . One of the main difficulties in air pollution management is determining the quantitative relationship between ambient air quality and pollutant sources. Source apportionment is the process of identification of aerosols emission sources and quantification of their contribution to the aerosol mass and composition. Identification of pollutant sources is the first step in the process of adoption effective strategies to control pollutants. Various receptor models have been used to identify aerosol sources and estimate their contributions to PM 10 (particles with aerodynamic diameter below 10 μm) concentrations at receptor sites and downwind areas in Europe [4] . For sources that have known tracers but do not have complete emission profiles, multivariate receptor models principal component analysis (PCA), Unmix and Positive Matrix Factorization (PMF) can be used to identify source tracers. These are commonly used tools, because software to perform this type of analysis is widely available and detailed prior knowledge of the sources and source profiles is not required. When evaluating the European publications [4] PCA was the most frequently used model up to 2005, followed by back-trajectory analysis. PMF and Unmix have been shown to be a powerful receptor modeling tools and have been commonly applied to particulate matter data [5] [6] [7] and recently to volatile organic compounds (VOC) data [8, 9] as well as for source apportionment of heavy metal atmospheric deposition studies [10] [11] [12] [13] [14] . For pollutant sources that are unknown, hybrid models that incorporate wind trajectories Potential Source Contribution Function (PSCF) and Concentration Weighted Trajectory (CWT) can be used to resolve source locations [15, 16] .
The Mediterranean region and particularly the Balkan peninsula have been under the influence of Saharan dust transport and deposition over millennia. Identification of the concentration, composition, origin, transport and geographical distribution of PM 10 in Mediterranean atmosphere has been the subject of research activities since the last two decades as it is heavily affected by two contrasting sources: mineral dust (mainly from the Sahara desert) and various anthropogenic (from industrialized/semi-industrialized countries) emissions [17] [18] [19] .
The objectives of this study were to investigate the emission sources and their contributions of atmospheric PM 10 in Belgrade using Unmix and hybrid receptor models and to determine the possible impact of the regional transport of PM 10 on the air quality. Unmix results have been coupled with surface wind direction data to provide identification of the locations of local emission sources affecting a receptor site. The addition of back-trajectory ensemble methods helped to identify regional sources that contribute to urban PM 10 concentrations and cluster analysis was used for investigation the transport pathways of PM 10 .
The results of this study, together with previous studies [20] [21] [22] [23] [24] [25] [26] can be used to establish an effective management strategy of the air quality and adverse health effects stemming from PM 10 '14' 'N and λ = 27'44''E) the capital of Serbia with about 2 million inhabitants, is situated at the confluence of the Sava and Danube rivers (Figure 1 ). The climate of Belgrade is moderate continental with fairly cold winters and warm summers. The mean annual air temperature is 11.7 °C, main annual rainfall of 669.5 l m -2 and mean atmospheric pressure of 1,001 mbar [27] .
The main air pollution sources in Belgrade are the energy sector, particularly power plants and individual heating units, transportation, metallurgy, industry, inadequate storage of raw materials and landfill waste. There are 15 individual district heating power stations of 50 MW. The high traffic in the Belgrade urban area presents a significant pollutant source, as motor vehicle emissions usually constitute the most significant source of particles in an urban environment mostly due to the bad quality of motor fuel. Trucks operating on diesel fuel constitute 19% of the vehicular traffic over urban region of Belgrade. Insufficient technology for the reduction of air pollution in the industry and the energy sector is the important emission source as well. Besides, in winter, low temperatures, increased humidity, high atmospheric pressure and reduced air flow induce winter smog, which has detrimental effects, especially on children, cardiovasculary diseases and the elderly.
The first sampling point was on the roof of the Rector's Office building of Belgrade University on Student Square (RB), at a height of about 20 m, near a small city-park ( Figure 1 ). The square has high traffic density and a bus terminal. As this sampling point is in the very city center, on the rooftop where the airflow is not blocked by any direction, it can be considered as representative for urban-background concentrations. The second sampling site was the platform above the entrance steps to the Faculty of Veterinary Medicine (VF) at a height of about 4 m from the ground, 5 m away from a street with heavy traffic and close to the big Autokomanda junction with the main state highway. The traffic is controlled by street lights. This point can be considered as traffic-exposed. During the sampling, meteorological parameters including temperature, relative humidity, rainfall, wind direction and speed were provided by the Me- Suspended particles were collected on preconditioned (48 h at 20 °C and constant relative humidity around 50%) and pre-weighed Pure Teflon filters (Whatman, 47 mm diameter, 2 µm pore size) and Teflon-coated Quartz filters (Whatman, 47 mm diameter) using two MiniVol air samplers (Airmetrics Co. Inc., 5 l min -1 flow rate) provided with PM 10 cutoff inlets. The sampling time was 24 h, yielding a sample volume of 7.2 m 3 . After particle collection, the filters were sealed in plastic bags and kept in portable refrigerators, in a horizontal position during transportation back to the laboratory where they were reconditioned for another 48 h.
The elemental composition (Al, V, Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb) of the PM 10 samples was determined by the atomic absorption spectroscopy method (AAS). After completion of gravimetric analysis, PM samples were digested in 0.1 N HNO 3 on an ultrasonic bath. An extraction procedure with dilute acid was used for the evaluation of elements which can become labile depending on the acidity of the environment. This procedure gives valid information on the extractability of elements, since the soluble components in an aerosol are normally dissolved by contact with water or acidic solution in the actual environment [28] . Depending on concentration levels, samples were analyzed for a set of elements by flame (FAAS) (Perkin Elmer AA 200) and graphite furnace atomic absorption spectrometry (GFAAS) using the transversely-heated graphite atomizer (THGA; Perkin Elmer AA 600) with Zeeman-effect background correction. The THGA provided a uniform temperature distribution over the entire tube length, rapid heating and an integrated L'vov platform, which gave an improved signal/interference ratio and high analytical sensitivity. Analyte injection (20 µl) and the atomization were done in five steps controlled by the appropriate software and auto-sampler. Detection limits for the metals were found to be: 0.04 ng ml -1 for Cd, 0.1 ng ml -1 for Cr, 0.2 ng ml -1 for Cu, 0.5 ng ml -1 for Pb, 2 ng ml -1 for Zn, 0.4 ng ml -1 for Ni, 0.2 ng ml -1 for Mn, 5 ng ml -1 for V, 0.5 ng ml -1 for Fe and 2 ng ml -1 for Al. The validity of the whole analytical procedure was checked by using the NIST Standard Reference Material (SRM) Road Dust, SRM 2783. The obtained recoveries in two runs were within 15% of the certified values for Cd, Cr, Cu, Pb, Zn, Mn, V and Fe concentrations. Lower recoveries were observed for Ni (58%) and Al (74%) probably due to incomplete solution of the deposit. The sampling and analytical methodology used in this study has been already presented in detail in previous studies [20, 21, 29, 30] .
Source apportionment
The Unmix receptor model, available from the US Environmental Protection Agency [31] , was used to assess the effects of sources to PM 10 ambient concentrations. The concepts underlying Unmix have already been presented in geometrical and intuitive manner [32] and mathematical details are presented elsewhere [33] .
In the current study all 277 samples were used in Unmix analysis and data for some species below detection limit were replaced with the half of the detection limit for each species. The general objective in choosing Unmix input variables was to maximize the number of input species and resultant sources while producing physically realistic and interpretable results. The selected species were chosen using a combination of trial and error which allows consideration of multiple numbers and combinations of input variables. Because Cr led to no feasible solutions in many Unmix sensitivity runs, it was excluded in further analysis and Al, V, Mn, Fe, Ni, Cu, Zn, Cd and Pb together with PM 10 mass concentration were used as input variables. Uncertainties in the source composition (source profiles) and source contributions are estimated by bootstrap method, i.e., the data are resampled 100 times with replacement and the standard deviation of these resampled results gives the estimate of the 1-sigma uncertainty.
To estimate the local source impacts from various wind directions, the conditional probability function (CPF) was performed for each source using the source contributions estimated from the Unmix coupled with the surface wind direction data. It estimates the probability that a given source contribution from a certain wind direction will exceed a predetermined threshold criterion and is defined as:
where m Δθ is the number of occurrence from wind sector Δθ that exceeded the threshold criterion and n Δθ is the total number of data from the same wind sector. The sources are likely to be located in the directions that have high conditional probability values. In this study, 16 sectors were used (Δθ = 22.5°) and calm wind (< 1 m s -1 ) periods were excluded from the analysis. The threshold criterion was set at the upper 25 th percentile value of the source contributions for each source.
Hybrid receptor models calculation
Hybrid receptor models Potential Source Contribution Function (PSCF) and Concentration Weighted Trajectory (CWT) were used for identification of source regions [34] . The PSCF values can be interpreted as a conditional probability describing the spatial distribution of probable geographical source locations by analysis of trajectories arriving at the sampling site.
To calculate PSCF, the entire geographic region of interest is divided into an array of grid cells whose size is dependent on the geographical scale of the problem so that PSCF will be a function of locations as defined by the cell indices i and j. The construct of the potential source contribution function can be described as follows: if a trajectory end point lies at a cell of address (i,j), the trajectory is assumed to collect material emitted in the cell. Once aerosol is incorporated into the air parcel, it can be transported along the trajectory to the receptor site. The objective is to develop a probability field suggesting likely source locations of the material that results in high measured values at the receptor site. Finally, the potential source contribution function is defined as:
where PSCF ij is the conditional probability that an air parcel which passed through the ij-th cell had a high concentration upon arrival at the receptor site, n ij is the total number of end points that fall in the ij-th cell and m ij is the number of endpoints for the ij-th cell with arrival times at the sampling site that correspond to aerosol concentrations higher than an arbitrary set criterion.
Since the PSCF method is known to have difficulties in distinguishing strong from moderate sources, the CWT model that determines the relative significance of potential sources has been additionally performed [35] .
In this method, each grid cell receives a weighted concentration obtained by averaging sample concentrations that have associated trajectories crossing the grid cell as follows:
where C ij is the average weighted concentration in the grid cell (i,j), C l is the measured PM 10 concentration observed on arrival of trajectory l, τ ijl is the number of trajectory endpoints in the grid cell (i,j) associated with the C l sample, and M is the total number of trajectories.
Weighted concentration fields show concentration gradients across potential sources and this method helps to determine the relative significance of potential sources.
To estimate the likely source locations for regional transporting aerosols, the PSCF and CWT were calculated using the daily source contributions to PM 10 concentration deduced from the Unmix and backward trajectories analysis.
Air masses back trajectories were computed by the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model through interactive READY (Real-time Environmental Applications and Display system) system [36, 37] . Daily 48-h back trajectories, started from Belgrade (44.804°, 20.478°) at 12:00 UTC each day, were evaluated for six different heights above the starting point at ground level (200, 350, 500, 750, 1000 and 1200 m). In addition, a study of airflow characteristics was performed using cluster analysis of 48-h backward trajectories of air masses arriving above Belgrade. Since we were concerned on the directions of the trajectories, the angle distance between back trajectories has been used as the cluster model [38] .
RESULTS AND DISCUSSION
Basic statistical parameters of the mass concentrations of PM 10 The metal concentrations in PM 10 presented in Table 1 show that the most abundant element was Al (3896 ng m -3 ), followed by Fe (1408 ng m -3 ) and Zn (1221 ng m -3 ) while the rest could be classified as minor amounts. The high Zn concentration implies that emissions from anthropogenic sources contributed significantly to its level in the PM 10 . Zinc is a reliable tracer for unleaded fuel and diesel powered motor vehicle emissions [40] . Relatively high concentration was measured for Cu, 85 ng m -3 , which is characterized by high toxicity. This element is related to the industrial activities, but in urban areas its origin can be related to non-exhaust vehicle emission (from the wear of brake lining materials). Vanadium is generally considered as a marker of oil combustion [41] . Nickel mainly originates from the sources using fossil fuels; it is also used as main additive in fuels and can be emitted from vehicle exhaust in traffic while its geological nature was also reported as well [42] . The presence of Mn is connected to the industrial processes, but it can be emitted in abrasion of brake discs in vehicles.
The average metal concentrations in airborne PM 10 [44] .
Comparison of particulate matter (PM 10 ) and elemental concentrations in Belgrade and reported data from some other big cities related to the covered period is presented in Table 2 . Average PM 10 Air pollution in urban environments is characterized by daily, weekly, monthly and seasonal variations of pollutant concentrations. The analysis of seasonal variations of PM 10 mass concentrations reported relatively higher concentrations in winter, which underlined the importance of local emission sources, mostly from vehicular exhaust and diesel of central heating, and meteorological conditions, or even inversions that lead to non-dispersion, allowing pollutant accumulation. Seasonal variation of the chemical elements was assessed showing variable trends. The elements V and Ni showed strong similar seasonal variability indicating common anthropogenic origin; their concentrations were significantly higher in the winter than in summer. Lead, Zn and Al showed similar distribution pattern, higher values in winter and relatively lower in summer, while higher concentration in the summer were obtained only for Cd and Cr. These findings are in general terms consistent with the majority of the reported data [12, 14, 24, 26, 53] .
Four emission sources have been resolved by Unmix and the corresponding source profiles and contributions are shown in Figure 2 . Unmix 1, with major tracers Al and Fe in combination with Cu, Mn, Ni and Cd could be interpreted as mineral/crustal matter (local and transported from regional re-suspension). This source probably includes Saharan dust contribution. The average contribution from this source was 19%. Unmix 2, identified as traffic related particles/ site-specific industrial processes, contained Cu, Pb, Mn and Cd as major elements. The contribution was about 21%. For Unmix 3 tracer's species were Zn, Fe combined with Mn, Cu and Ni referred to traffic exhaust mixed with regional transport from industry, probably steel production (average contribution 26%). Unmix 4 revealed fossil fuel combustion, based on V and Ni high concentration as markers for crude oil, but significant input of Fe, Cu and Mn linked to industrial emissions. This source showed the highest contribution to PM 10 mass concentration (34%). There was some difficulty to identify source categories. All factors were interpreted as a combination of two sources (at least), because site-specific sources interfered with basic sources.
Regression analyses between the observed and Unmix predicted elements indicated that the resolved factors effectively reproduced elemental values (correlation coefficients for all metals ranged from 0.72 to 0.94). Resolved sources can effectively account for the PM 10 mass since the coefficient of determination between reconstructed and measured PM 10 The seasonal variability of the identified sources was also examined and the results indicated strong dependence for fossil fuel combustion source ( Figure  3 ). This was in agreement with the results for V and Ni, as marker elements for oil combustion, which showed strong similar seasonal variability.
CPF plots help identifying the impact of local point emissions to the Unmix resolved sources (Figure 4). It can be seen that the high contribution was coming from the southwest, except for fossil fuel combustion coming from the northwest and moderate influence from the southeast and northeast for all sources. In these directions there are several possible emission sources (distance less than 30 km): thermoelectric plants and coal basins "Kolubara A", Veliki Crljeni (south-southwest), thermo-electric power plants "Nikola Tesla A and B" (southwest), oil refinery and petro-chemical industrial complex near Pančevo (northeast), 15 cities (gas-fired and liquid fuel-fired combined) heating plants (in all directions) and several smaller metal industries (south-southeast).
In general the directions of regional source location and possible transport pathway may not be in agreement with the local surface wind data used for the CPF plots. Therefore, hybrid receptor models have been used for further investigation of possible contribution of regional transport. Figure 5 complex Bor (southeast) and unknown sources in neighboring countries. In order to compare results from the PSCF map for the PM 10 measured in Belgrade, EPER data [54] for PM 10 emissions in Europe for 2004 were used. The obtained data were divided into 0.5×0.5° grid cells and PM 10 emissions were calculated for each grid cell. Figure 6 shows the emissions for European regions of interest and corresponding PSCF map. As can be deduced from the map, Germany, Poland and Slovenia are the important emitters of the PM 10 into the atmosphere. The highest emission source regions do not exactly match the source regions obtained from the PSCF map, but there are some probabilities that the emitted material could be transported from north and northwest directions. However, there is a lack of available emission data from the west and southwest regions, the emissions of which could have significant impact on air quality in Belgrade.
Additional insights into the nature of the PM 10 sources are provided through a trajectory based evaluation and cluster analysis. A cluster number can be deduced through visual inspection and comparison of the mean-trajectory maps. We chose six clusters and their representative trajectories are shown in Figure 7 as well as corresponding average PM 10 concentration associated with each cluster. Based on the analysis of the whole trajectory data set, the most frequently arriving directions are west-northwest (22%) and west--southwest (21%), followed by north-northeast (17%), north-northwest (16%), east (14%) and south (10%).
The results suggest that the highest PM 10 con- centrations were related to the west-southwest (63 µg m -3 ) and south (58 µg m -3 ) pathways. Along such pathways the high emissions could be located, which was indicated by high PSCF and CWT values. CONCLUSION PM 10 and its chemical constituents collected at the centrally located urban monitoring sites in Belgrade were measured from July 2003 to December 2006 and source identification was undertaken using Unmix. The Unmix predicted that the major contributors of PM 10 were fossil fuel combustion (34%), traffic exhaust/regional transport from industrial centers (26%), traffic related particles/site specific sources (21%) and mineral/crustal matter (19%). The impacts from the local point sources were explored by coupling wind direction data with the daily source contributions deduced from the Unmix. Effects of regional sources were also found using PSCF and CWT analysis for the Unmix-resolved source contributions. Based on the cluster analysis of the 48-h backward trajectories six classes of backward trajectories were generated. The highest PM 10 concentrations were found along the west-southwest and south pathway. Along such pathways, the high emissions could probably be located, which were indicated by high PSCF and CWT values. The analysis of seasonal variations of PM 10 mass and some element concentrations reported relatively higher concentrations in winter, what underlined the importance of local emission sources, mostly from vehicular exhaust and diesel of central heating, and meteorological conditions, or even inversions that lead to non-dispersion, allowing pollutant accumulation. This study suggested that the local sources, mainly fossil fuel combustion and traffic, including thermo-electric plants and coal basins "Kolubara A", Veliki Crljeni (south-southwest), thermo-electric power plants "Nikola Tesla A and B" (southwest) (within the 30 km radius), should be considered to control the level of PM 10 mass concentration in Belgrade. 
